Abstract BACKGROUND: Diabetes mellitus is a major health concern in current scenario which has been found to affect people of almost all ages. The disease has huge impact on global health; therefore, alternate methods apart from insulin injection are being explored to cure diabetes. Therefore, this review mainly focuses on the current status and therapeutic potential of stem cells mainly mesenchymal stem cells (MSCs) for Type 1 diabetes mellitus in preclinical animal models as well as humans. METHODS: Current treatment for Type 1 diabetes mellitus mainly includes use of insulin which has its own limitations and also the underlying mechanism of diseases is still not explored. Therefore, alternate methods to cure diabetes are being explored. Stem cells are being investigated as an alternative therapy for treatment of various diseases including diabetes. Few preclinical studies have also been conducted using undifferentiated MSCs as well as in vitro MSCs differentiated into b islet cells. RESULTS: These stem cell transplant studies have highlighted the benefits of MSCs, which have shown promising results. Few human trials using stem cells have also affirmed the potential of these cells in alleviating the symptoms. CONCLUSION: Stem cell transplantation may prove to be a safe and effective treatment for patients with Type 1 diabetes mellitus.
Introduction
In last few decades, diabetes mellitus (DM) has emerged as one of the major concerns of the public healthcare problems worldwide [1] . It is a chronic, common, non-communicable disease (NCD) which is a group of glucose metabolism disorders characterized by high levels of blood glucose. As per the international diabetic federation (IDF) report, 366 million cases were estimated in 2011 and it is expected to reach 552 million by 2030 [2] . Moreover, 5% of the deaths are being caused by diabetes only and this number is increasing rapidly.
Among the two major types of diabetes, type 1 diabetes mellitus (T1DM) is an autoimmune disorder which is characterized by the attack of the body's immune cells on insulin-producing b cells in the islets of Langerhans of the pancreas [3] . In contrast, type 2 diabetes mellitus (T2DM) is characterized by either insufficient synthesis of insulin or by insulin resistance at the receptor level which leads to build-up of the glucose in the blood [4] . T2DM majorly accounts for 90-95% of the diabetic cases and is result of mainly excess body weight and physical inactivity. This can be controlled by oral medication and change in lifestyle. Very few cases need insulin administration in T2DM. Whereas, in T1DM, which accounts for 5-10% of total diabetic cases, there occurs destruction of pancreatic b-cells, culminating in absolute insulin deficiency. Diabetic complications in such cases continue to be a major cause of morbidity and mortality [5] .
At present, exogenous insulin therapy is the most reliable treatment for managing hyperglycemia caused by T1DM. However, its short life span and cost has come up as limiting factor for this treatment. The short life span of insulin makes it very difficult to keep constant control over glucose level using insulin and hence, its administration becomes critical [6, 7] . Thus, insulin therapy only acts as a life saving measure, but it is not the cure. Therefore, alternative therapies to cure diabetic patients with insulin deficiency have become the major focus of research over past few years. One potential therapy for diabetic patients is infusion of donor islets of Langerhans into the hepatic portal vein. In this procedure, islets containing the insulinsecreting b cells are transplanted from a cadaveric donor to the patient. This procedure has been found successful in relieving T1DM patients from insulin therapy to some extent. However, there exists variation in quality of donor cells which further leads to variations in the success of results. Moreover, it is evident that the limited supply of cadaveric donor islets cannot meet the requirement of ever increasing number of diabetic cases in today's population [8, 9] . Furthermore, apart from the shortage of organ donor and need for immunosuppressants, this method poses several challenges such as technical difficulties involved in isolation, culture and characterization of islets. In this scenario, stem cell transplantation has emerged as an attractive and promising alternative method for diabetic treatment. It has become major focus for diabetic treatment since last few decades [9] .
Stem cell transplantation
Stem cells have been found to possess the ability to repair the damaged tissue either by directly differentiating into host cell type and/or by the release of cytokines and other factors. Broadly, stem cells are categorized into embryonic stem cells (ESCs) and adult stem cells (ASCs). ESCs are pluripotent cells that can give rise to cells of all three germ layers. Many protocols have been established for in vitro differentiation of ESCs into insulin secreting cells. Assady et al. for the first time reported the spontaneous differentiation of ESCs into b-islet cells [10, 11] . However, their tumorogenic propensity and the associated ethical issues, limit their use for human usage. On the other hand, ASCs are multipotent cells which can differentiate into cells of various lineages [12] [13] [14] . These are preferred over ESCs because they lack ethical issues, can be easily isolated and are immunologically naïve. These multipotent adult stem cells have been reported to be present within pancreatic islets and in nonendocrine parts of the pancreas [15, 16] with the ability to differentiate into islet-like cells. Apart from these, other cells such as hepatic oval cells, cells within the spleen have also been differentiated into islet cells both in vitro and in vivo [11, [17] [18] [19] [20] [21] [22] . However, these cell types have higher chances of rejection due to their allogenic nature and also these sources are not abundant sources of stem cells. Therefore, the other abundant sources of adult, multipotent stem cells have been explored extensively. These include skin, bone marrow, umbilical cord, cord blood, dental pulp, hair follicle and adipose tissue etc. [23] [24] [25] [26] [27] [28] [29] . MSCs are of great advantage compared with other stem cells like ESC or stem cells from organs. The functional cells differentiated from MSCs upon transplantation into MSC donors (autologous transplantation) may also not get rejected.
Mesenchymal stem cells (MSCs)
Mesenchymal stem cells (MSCs) are fibroblast like, spindle shaped multipotent cells with tri-lineage differentiation potential. These were first isolated from rat bone marrow by Friedenstein et al. and later have been found in various other tissues. These cells are characterized on the basis of the presence of certain surface markers (CD105, CD29, CD73, CD90, HLA class I molecules) and absence of hematopoietic and endothelial markers (HLA class II molecules, CD34, CD45, CD31, CD14) [30] . These can be expanded easily and have a population doubling time of approximately 24-48 h. In addition, these can be expanded in culture for more than 60 doublings. The most established source of MSCs which has been used for in vitro differentiation into cells of all three lineages is bone marrow [31] . However, in last decade other less invasive sources of MSCs have also been explored including dental pulp, adipose tissue, umbilical cord etc. [23] [24] [25] [26] [27] [28] [29] . Earlier MSCs were supposed to only secrete cytokines and growth factors for the support of hematopoiesis. However, later these cells have been found to differentiate into various lineages including osteoblasts, chondrocytes, neurons, skeletal muscle cells, cardiac cells, hepatocytes etc. Additionally, they migrate to the site of injury and help in regeneration by secretion of various bioactive factors [32] . 
Mesenchymal stem cells in diabetes
Although, during past few years lot of research has been done to explore in vitro differentiation of MSCs into islet cells, but still there is not much consensus on the most suitable protocol and the most suitable source of MSCs for pancreatic regeneration. Majorly, the sources of MSCs that have been explored in this area include bone marrow, adipose tissue and umbilical cord. In general, the ideal cell source should be easy to harvest, expand, abundantly available and be able to generate functional b islet cells. Further, the most suitable inducer/inducer cocktail should be safe, minimally manipulative to cells, with short treatment procedure and have maximum efficiency to generate functional b cells.
Considering the differential response of MSCs from various sources to different protocols, we have organized this review on the biological source of MSCs from which these are obtained and their responses to various chemical regimes, which may depend on a plethora of factors. These MSCs can be differentiated into insulin secreting functional b cells using chemical methods as well genetic manipulations ( Fig. 1 ) [37] . Further, we have discussed about the in vivo behavior of these differentiated islet cells in combating diabetes [38] .
Bone marrow derived mesenchymal stem cells (BM-MSCs)
Bone marrow is the oldest and most commonly utilized source of MSCs. Oh et al. first studied their differentiation into islet cells in 2004. They reported that BM-MSCs under Dimethyl sulfoxide (DMSO) and high glucose concentration are capable of generating insulin secreting cells. When insulin-producing clusters are transplanted into streptozotocin (STZ)-treated NOD/SCID mice, blood glucose levels were normalized [39] . In same line, in 2004, Chen et al. [40] used 2-mercaptoethanol (bME) and nicotinamide under low glucose conditions for the generation of functionally active insulin secreting cells which could control glucose in diabetic rats. Further, Tang et al. [41] isolated, characterized and differentiated single cell derived mouse bone marrow stem cell line into insulin producing cells using nicotinamide and exendin-4. Other pancreatic inducers include a cocktail consisting of human Activin A, N2 supplement, B27 supplement and nicotinamide, which has been used for differentiation of mice SSEA-1 positive cells into insulin secreting cells [42] . Apart from this, Betacellulin (BTC), a ligand of the epidermal growth factor receptor, has been found to enhance the growth and differentiation into b-cells in a synergistic manner with nicotinamide. Additionally, it has proven to improve glucose metabolism in experimental diabetic rodent models [43] .
Step wise differentiation has also been investigated for differentiation of hematopoieticrich stem cells from rat into b-cells by Gabr et al. [44] . They used 1% DMSO for 3 days, followed by culture for 7 days in a glucose-rich medium supplemented with pancreatic extract. Thereafter, they incubated the cells in low glucose media supplemented with 5% fetal bovine serum, nicotinamide and exendin-4 for 7 more days. These islets like clusters when transplanted in the testes of diabetic rats could normalize blood glucose levels for 3 months in 80% of the treated rats. These therapeutic benefits were reversed after orchidectomy [44] .
Very few studies have been done which have documented the efficiency of MSCs from different sources to differentiate into islet cells, on a single platform. In 2011, Zanini et al. compared islet differentiation of mesenchymal stem cells derived from human pancreatic islets (Human Islet Mesenchymal stem cells: HI-MSCs) and mesenchymal stem cells isolated from human bone marrow (BM-MSCs) in a custom made serum-free medium, comprising of a basal medium supplemented with platelet lysate (PL), retinoic acid, activin, GLPI-1, epidermal growth factor (EGF), fibroblast growth factor (FGF), betacellulin, nicotinamide and glutamine for 3 weeks. HIILCs (Islet like cells derived from HI-MSCs) expressed PDX1 (pancreatic duodenal homeobox gene-1), insulin, C peptide and Glut-2 whereas; BM-ILCs (Islet like cells derived from BM-MSCs) only expressed Glut-2 and insulin. This group also did a proteomic analysis and highlighted differences in the MSCs according to the site of origin, reflecting their spontaneous differentiation and commitment [45] .
In another study, by Kao et al. [38] , three sources of MSCs Wharton's jelly (WJ), bone marrow (BM), and surgically resected pancreatic tissue were compared with for their in vitro differentiation potential into insulin producing cell and subsequently WJ-MSCs were found to have better proliferation and differentiation potential than pancreatic MSCs and BM-MSCs. Further, after transplantation of these cells, the animals were monitored for their blood glucose levels till 8 weeks. It was found that WJ-MSC derived islet cells showed better glucose control than islet cells derived from BM-MSCs and resected pancreas. The blood glucose levels were significantly reduced at first week and a significant decrease was maintained till 8 weeks. The in vitro differentiation of MSCs into islet cells may also be clinically relevant as these cells may not present themselves as fully mature b-cells, thereby evading the cycle of b-cell destruction by the immune system.
Other than chemical cues, viral-mediated gene transfer has also been investigated to differentiate cells into insulin secreting cells [46] . It is used as a method to reintroduce normal copies of DNA into abnormal cells, or other cell types, as a means of treating genetic diseases. Viral-mediated transdifferentiation is an attractive method of obtaining surrogate b cells as they would be less likely to express identical autoantigens against which the primary autoimmune response was developed. In same line, Karnieli et al. [47] transfected BM-MSCs with the key rat pancreatic transcription factor (PDX1) which leads to the production of insulin in vitro in response to high glucose condition. Furthermore, when these cells were transplanted under the kidney capsule of STZ-diabetic immunodeficient mice, they reduced blood glucose levels for a period of 6-8 weeks, after which an abnormal glucose tolerance was observed. The outcome of the transplantation of these naïve MSCs and b-islet cells derived from MSCs using chemical regime and viral transfection has been summarized in hepatocyte growth factor (HGF), and serum supplements like B-27 and N-2. Whereas, Li et al. [54] for the first time reported step wise differentiation where they differentiated AD-MSCs to definitive endoderm (DE) using activin A and then differentiated to pancreatic progenitors (PP) using medium consisting of DF-12 supplemented with retinoic acid (RA), Dkk1, EGF, FGF2, B-27 for 6-11 days. These AD-MSC derived PP cells were further induced into endocrine and exocrine cells after being cultured in specific medium for 8 days. Despite the differentiation of ADMSCs into pancreatic islet cells as depicted by expression of some key pancreatic markers, these still remain unable to regulate insulin secretion. From a therapeutic perspective, ongoing clinical trials have already demonstrated the safety of adipose tissue MSC-like cells, although there have been technical difficulties in interpretation of results due to lack of complete characterization of the cell populations being used [53] [54] [55] . Islet generation potential of AD-MSCs has further been compared with BM-MSCs using step wise chemical treatment with RA, N2, B27, nicotinamide, EGF, activin A, and exendin-4 for 12 days, by Marappagounder et al. [56] . They reported the successful differentiation of both BMMSCs and AD-MSCs into b-islet cells on the basis of morphology, diathiozone staining, expression of pancreatic development genes and insulin secretion assay. However, insulin secretion assays proved BM-MSCs to be a better source than AD-MSCs [56] .
Apart from chemical induction, viral mediated transfection has also been used for differentiation of AD-MSCs. Ectopic expression of PDX1 has not been found to dramatically improve the differentiation of AD-MSCs in vitro. However, under in vivo diabetic microenvironment these seemed to maturate better, and also facilitated long-term reversal of hyperglycemia upon transplantation [57] . Despite this edge, PDX1 induced differentiation has been found to lead to autoimmune destruction [57] . Therefore, this transfection method for in vitro differentiation needs to be explored further before it can be applied in clinical studies.
Umbilical cord blood and placenta-derived mesenchymal stem cells
Other than bone marrow and adipose tissue, new sources of MSCs which have been found to possess the ability to differentiate into islet like cells include umbilical cord (blood and Wharton's jelly) and the placenta. These have been differentiated using chemical cues i.e., high glucose media supplemented with mainly BME, nicotinamide, FGF, EGF, retinoic acid and exendin-4 [58] [59] . Several groups have already shown that umbilical cord bloodderived cells can be coaxed into insulin producing cells, although not with the same efficiency as true islet cells [60] [61] [62] [63] [64] . These MSCs are supposed to be more primitive than MSCs derived from adult sources and express pluripotent markers (Oct3/4 and Nanog) like ESCs. Also, umbilical cord blood has been found to inhabit various cell populations with features similar to ESC type which are capable of giving rise to hematopoietic, epithelial, endothelial, and neural tissues both in vitro and in vivo.
Amniotic fluid-derived mesenchymal stem cells (AF-MSCs)
AF-MSCs are one of the latest source of tissue-derived MSCs. These are fibroblastic-like cells which are shed by the fetus to the surrounding liquid during its development. It shares many properties with MSCs-derived from placental, chorionic, and cord blood/tissue [65, 66] . They can be procured with relative ease, although not routinely, through standard prenatal diagnostic procedures. Preliminary studies have also reported their successful in vitro differentiation into islet like cells [67] . However, further studies are needed to validate its potency in this field.
Mode of action of mesenchymal stem cells
MSCs administration has been found to restore normoglycemia in case of diabetes at pre-clinical as well as clinical level. Although, the mechanism involved in therapeutic benefits of MSCs is still poorly understood. Mainly trans-differentiation, immunomodulation, apoptosis prevention, and proliferation/differentiation induction have been found to implicate MSC's regenerative potential (Fig. 2) . In vitro differentiation: In vitro MSCs have been reported to differentiate into b islet cells and restore normoglycemia upon transplantation. The in vivo differentiation of these cells into b islet cells is still skeptical due to very low level of functional integration of transplanted cells in pancreas [68] . Fig. 2 Schematic representation of the mechanism of action of mesenchymal stem cells in regeneration process (bME b mercaptoethanol, DMSO dimethyl sulfoxide, HGF hepatocyte growth factor, IDO Indoleamine-pyrrole 2,3-dioxygenase, IL-6 interleukin-6, NO nitric oxide, PGE-2 prostaglandin E, TGF-b transforming growth factor beta, VEGF vascular endothelial growth factor) MSCs injected via tail vein have been found to reach the pancreas in STZ mice within 7 days and help in regeneration [69] . In addition, these MSCs when injected into NOD-SCID mice and STZ-treated mice have resulted into reduced hyperglycemia by increasing pancreatic islet b cell mass [70] [71] [72] .
Angiogenesis
Apart from differentiation, paracrine mechanism plays crucial role utilizing several growth factors secreted by MSCs including HGF, Interleukin 6 (IL-6), Transforming growth factor beta (TGF-b), Vascular endothelial growth factor (VEGF), Matrix metalloproteinases (MMPs), Indoleamine-pyrrole 2,3-dioxygenase (IDO), nitric oxide (NO), Programmed death-ligand 1 (PD-1) etc. HGF and Insulinlike growth factor 1 (IGF-1) prevent the apoptosis and stimulate the proliferation of pancreatic beta-cells. In contrast, VEGF and TGF-b have been found to promote islet vascularization [73] .
Immunomodulation
MSCs have been found to suppress T cell proliferation and inhibit dendritic cell differentiation. They interact with immune cells via direct cell to cell contact and secretion of soluble immunomodulatory molecules [74] [75] [76] .
Clinical studies
Adult Stem Cells have been administered in various disease conditions including myocardial infarction, stroke and diabetes. In a few clinical studies, MSCs-treated with chemical inducers have also been administered. However, in the case of diabetes very few clinical reports have been documented. These studies have been done using fresh MSCs isolated from bone marrow and umbilical cord, with promising results (Table 2 ). The positive outcomes of these studies have shown ray of hope for such diseases. However, the use of stem cells still needs to be investigated in depth to consolidate the role of stem cells in the treatment of such degenerative diseases.
Conclusion
For diabetic treatment, adult stem cells have taken a lead over islet transplantation due to limitations associated with allogenic transplantation and shortage of donors. These cells offer a immense hope for insulin dependent patients. Among these cell types, MSCs are the most desirable candidates due to their ease of isolation, simple preparation, immunomodulatory effect and differentiation into cells of various lineages [83, 84] . These are the most extensively explored stem cell type and have been reported to be administered in maximum clinical trials for various degenerative diseases. The MSCs isolated from different sources have been reported to differentiate into insulin secreting b islet cells using generic differentiation agents like nicotinamide, activin A, exendin-4, etc. Recent studies at driving MSCs to pancreatic cells via same developmental stages that hESCs go through in their differentiation [85] are a significant step forward to establish more robust methods potentially applicable to MSCs isolated from different tissues. These upon transplantation, are supposed to act through various mechanisms including secretion of angiogenic factors, trophic cytokines and growth factors, as well as modulation of inflammatory reactions and immunologic responses [86] [87] [88] [89] [90] . Further, MSCs have been transplanted in diabetic mice and rats in undifferentiated as well as differentiated form and have been found to restore glucose metabolism in long term studies. In addition, construction of a three-dimensional artificial matrix has also come up as solution to improve cell viability, act as a carrier for cell transplantation and overcome problem of cell loss upon direct transplantation [91] . However, in clinical settings only undifferentiated BM-MSCs have been administered till date and have found to be safe and effective in case of both T1DM and T2DM.
There is an ongoing debate on whether to use allogenic or human leukocyte antigen-matched MSCs for a number of therapies. Although some report the immunoprivilege nature of MSCs, [92, 93] while others claim that upon differentiation MSCs lose their immune privilege [94] . Thus, there is a need for conducting more controlled and randomized trials with larger number of patients to validate the positive results of stem cell treatment noted so far. Moreover, there is a requirement to include parameters like appropriate cell dose, type of stem cell and mode of their administration in order find out the best stem cell approach for human patients. Despite all these challenges, the benefits of stem cell treatment have established them for their clinical prospects and have proven to have potential to significantly improve the lives of millions of people affected with diabetes.
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